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I. INTRODUCTION 
The presence of a brittle-ductile transition in many 
of the metallic elements and alloys has been observed in 
recent years. This type of transition is characterized by 
the existence of a narrow temperature range above which the 
metal has considerable ductility and below which there is 
a distinctive lack of ductility. 
The early investigations into the nature of the brittle-
ductile transition were concerned with the one occurring in 
steel because of its structural importance. These investiga­
tions, and subsequent ones, indicated that this type of 
transition was almost exclusively peculiar to metals with 
the body-centered cubic space lattice. The early investiga­
tors were not concerned so much about the mechanism of the 
transition as they were in preventing the brittle failure of 
many steel structures. For example, during World War II 
there was a number of failures of welded merchant ships and 
tankers. It was quickly recognized that the problem in­
volved toughness and ductility of the steel in the presence 
of stress raisers such as notches. Since notches could not 
be avoided completely in a ship, it became obvious that it 
was necessary to build ships and other structures out of 
materials which were tough and ductile under conditions of 
service, even in the presence of notches. Hence, the prob­
lem was initiated of producing structural materials which 
2 
had a brittle-ductile transition temperature below the re­
quired service temperature. 
3h recent years, the investigations have been expanded 
to include many non-ferrous metals which have a body-
centered cubic lattice. However, of the body-centered cubic 
metals in the first, second, and third transition series of 
the periodic table, only vanadium remains to be examined 
for the existence of a brittle-ductile transition. 
At the present time there are at least three possible 
applications for vanadium and its alloys (1): 
1) Weldable, formable, high hot strength sheet 
alloy for airframe service at temperatures 
up to 650°C. 
2) Fuel element cladding for fast reactors where 
interdiffusion, hot strength, and thermal 
conductivity are considerations. 
3) As a diffusion barrier between titanium and 
steel in the manufacture of dads between 
these two elements. 
Hence, it would seem that an investigation of the pos­
sible existence of a brittle-ductile transition in vanadium 
and some of its alloys would have considerable merit. Con­
sequently, the purposes of this investigation are: 
1) To ascertain whether or not there is a brittle-
ductile transition in pure vanadium. 
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2) To determine the effect of various metallic 
and non-metallic additions on the transition 
temperature In vanadium, if such a transition 
exists. 
3) To investigate some of the physical properties 
of vanadium, as a function of temperature 
through the transition range, for the purpose 
of ascertaining the possible mechanism of the 
transition. 
br 
II. LITERATURE SURVEY 
As a result of the literature survey, it was decided 
that in. order to determine the existence of a brittle-
ductile transition in vanadium and its alloys, and to 
postulate an acceptable mechanism for the transition, the 
following investigations should be executed: 
1) Mechanical tests on pure vanadium and 
vanadium alloys over a wide range of tem­
perature. 
2) Internal friction investigations on pure 
vanadium and vanadium containing small 
amounts of interstitial impurities. 
3) X-ray investigations of massive poly-
crystalline samples and single crystals 
of vanadium over the temperature range 
in which the transition exists. 
In the subsequent sections of this chapter, a summary 
of the results of investigations on other metals will be 
presented which are relevant to the three investigations 
just mentioned. In the final section, the current theories 
of the brittle-ductile transition in metals will be dis­
cussed. 
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A. Brittle-Ductile Transition in Metals 
The existence of a brittle-ductile transition in a 
metal can be determined by many different mechanical tests. 
The temperature of the transition varies with the different 
tests and thus, it becomes necessary to select the test 
procedure which will help in an understanding of the prob­
lem. 
When metals are tested in uniaxial tension at slow 
strain rates, the temperature of the brittle-duetile transi­
tion can be determined by plotting the total per cent re­
duction in area at fracture, i.e. the ductility, as a func­
tion of temperature. The transition temperature, as deter­
mined by this means, occurs in tungsten at about 250°C (2), 
near room temperature in molybdenum (3), at about -125°C in 
niobium (4)» and near -l£0°C in iron (5). Chromium (6, p. 
132) exhibits a brittle-ductile transition at 190°C when 
tested by bending. In the bend test the amount of deflection 
that can be given the metal as a function of temperature is 
determined. Tantalum (7), however, when tested in uniaxial 
tension does not exhibit a transition at temperatures down 
to -195°C, even though it has a body-centered cubic lattice 
similar to the metals just mentioned. A similar marked tem­
perature dependence of ductility or reduction in area has 
not been observed in pure metals with close-packed structures 
(8). In fact, metals with close-packed structures may even 
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exhibit an increase in ductility at low temperatures. Fig­
ure 1 illustrates the pronounced effect of temperature upon 
the ductility of tungsten, molybdenum, niobium, and iron 
which have a body-centered cubic lattice. Also plotted in 
Figure 1 is the ductility of zirconium and nickel which 
have close-packed structures and tantalum which has a body-
centered cubic lattice. Although the ductility of zirconium 
is temperature dependent, it does not become brittle at low 
temp eratures. 
In most body-eentered cubic metals, other mechanical 
properties, in addition to the per cent reduction in area, 
are observed to be strongly temperature dependent. The 
total per cent elongation decreases sharply and the yield 
strength increases in a striking manner as the temperature 
is diminished through the transition. Also, a pronounced 
upper and lower yield point is usually observed in the 
load-elongation curves at temperatures near the transition. 
In addition to these properties, fractures at temperatures 
above the transition show a dull, fibrous rupture whereas 
bright, brittle, transgranular fractures are observed below 
the transition. 
Information concerning the existence of a brittle-
ductile transition in vanadium has not appeared in the 
literature. However, Pugh (9) has determined the tensile 
properties of 99*80 per cent pure vanadium at t emp eratur e s 
between -195°^ and 1225°C« The results of this investigation 
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Figure 1» ^Ductility of metals at various temperatures 
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indicated that vanadium, had no appreciable ductility at 
temperatures up to 775°C. Below room temperature, the 
strength was observed to increase very rapidly as the test 
temperature was diminished. 
Roberts and Rogers (10a) have investigated the mechan­
ical properties of hydrogenated vanadium wires in tension. 
They concluded, on the basis of tests at -196*0, 2l4-°C, and 
150°C, that there was a ductile-brittle-ductile fracture se­
quence in vanadium containing about .042 weight per cent 
hydrogen. However, this conclusion was based on a very lim­
ited number of tests. 
In order to evaluate properly the effect of the metal­
lic and non-metallic elements on the transition temperature 
in vanadium, it will be helpful to know the solid solubility 
of the various elements in vanadium. In Table 1 are listed 
what is considered to be the most reliable values of the 
solubility of the elements investigated. 
B. Internal Friction Effects in Metals 
One of the current theories of the brittle-ductile 
transition in metals concerns itself with the stress-induced 
ordering of the interstitial solutes carbon, nitrogen, 
oxygen, and hydrogen. Internal friction measurements over 
a wide range of temperature indicate the temperature at which 
this ordering effect takes place under an applied stress* 
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Table 1. Solid solubility of metallic and non-metallic 
elements in vanadium 
Element Solubility6-
Tantalum*3 25% at 900°C 
Chromium3 Extensive at 700°C 
Molybdenum*3 1(# at 900*0 
Titanium*3 Extensive at 900°C 
Zirconium3 3% at 900°C 
Thorium0 • 1% at 25°C 
0xygenâ •25% at 25°C 
Nitrogen?3 1.0^ at 900*0 
Carbon*3 l.($ at 900*0 
Hydrogen6 .05% at 5oo° C 
O 
All compositions listed in Table 1 and in subsequent 
discussions are on a weight per cent basis. 
^The extent of solid solubility was obtained from an in­
vestigation by Rostoker and Yamamoto (10b). 
CThe extent of solid solubility was obtained from an in­
vestigation by Levingston and Rogers (11a, p. 122). 
d 
The extent of solid solubility was obtained from an in­
vestigation by Allen, Kub a s che wski, and von Goldbeck (lib). 
6The extent of solid solubility was obtained from an in­
vestigation by Roberts and Rogers (10a). 
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Internal friction is defined as the conversion of the 
mechanical energy of an oscillating specimen into the energy 
associated with some internal mechanism operative in the 
specimen. This conversion of energy manifests itself in a 
decreasing amplitude of oscillation with time. Hence, the 
internal friction is commonly expressed in terms of the 
logarithmic decrement, 6, which is given by: 
ô = log (ArZ^n+l ) 
In this expression, and An+1 are the amplitude of suc­
cessive oscillations. Internal friction is also sometimes 
expressed by: 
The number of mechanisms operative in metal specimens 
which can result in internal friction effects is large. 
Some of these mechanisms are stress-induced ordering of 
interstitial solutes, order-disorder transformations, and 
precipitation of second phases. 
A 
Ee (11c) has proposed a mechanism whereby the stress-
induced ordering of interstitial solutes in a body-centered 
cubic lattice may result in internal friction effects. If 
solute atoms occupy the octahedral interstitial positions 
in the lattice, then the lattice will be subjected to 
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tetragonal deformation with the tetragonal axis aligned along 
one of the < 100 > directions, depending on which position 
the solute atom has occupied. If a tensile stress is applied 
along one of the < 100> directions, then the solute atom 
will prefer to occupy a position such that the unique axis 
will be along the same direction. Thus, under fluctuating 
stress, solute atoms will diffuse in an attempt to maintain 
this state. Under suitable conditions of temperature and 
applied frequency, this diffusion process will absorb large 
amounts of the applied oscillation energy and result in an 
internal friction peak. A similar mechanism would be opera­
tive for interstitials prefering the tetrahedral position in 
the body-centered cubic lattice. 
Chang and Gensamer (12) have made internal friction 
measurements on arc-cast molybdenum and a 0.20 per cent car­
bon steel at a frequency of 3*7 and 2.9 cycles per second, 
respectively. Their investigations on the 0.20 per cent 
carbon steel demonstrated that there was an internal fric­
tion peak at -173°C which was due to hydrogen. This inter­
nal friction peak was very close to the brittle-ductile 
transition in a 0.20 per cent carbon steel investigated by 
Eldin and Collins (13) • In arc-cast molybdenum, an internal 
friction peak was located at about 27°C. This internal 
friction peak, likewise, occurred near the room temperature 
brittle-ductile transition in molybdenum. 
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Internal friction investigations on tantalum and niobium 
foils at ultrasonic frequencies have been performed by Marx, 
Baker and Si vert sen (lij.) • Their results indicated that in 
niobium there were internal friction peaks at about 1^.00°C 
and 600°C which were due to the stress-induced ordering of 
oxygen and nitrogen interstitials, respectively. Their re­
sults for tantalum indicated the existence of oxygen and 
nitrogen peaks at about 375°C and 650°C, respectively. Also, 
they observed, in the case of tantalum, anomalous peaks at 
-18°C and between -5o°C and -80°C. These peaks were believed 
to be associated with the ordering of hydrogen ions into 
particular lattice positions. 
The only internal friction investigations made on vana­
dium are those performed by Powers (15)• His results indi­
cated a stress-induced ordering of oxygen and nitrogen 
interstitials at 186°C and 272°C, respectively, when meas­
urements were made at a frequency of 1 cycle per second. 
C. X-ray Diffraction Investigations 
The investigation of vanadium by x-ray diffraction 
techniques through the brittle-ductile transition tempera­
ture range was considered to be essential to this study. 
This was necessary for obtaining information as to the possi­
ble existence of an allotropie transformation or an ordering 
of impurities. Such an investigation has not been reported 
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in the case of pure vanadium. However, Rostoker and Yamamoto 
(16) have postulated the existence of an allotropie trans­
formation in metallic vanadium. They postulated, on the ba­
sis of a slight change in electrical resistance between -2f>°C 
and -33°C, that pure vanadium underwent a transformation from 
the room temperature body-centered cubic form to a body-
centered tetragonal form in this temperature range. 
X-ray investigations by Seybolt and Sums ion (17) of 
vanadium-oxygen alloys quenched from 6G0°C indicated that 
the terminal solid solubility of oxygen in vanadium was .95 
per cent. Between .95 and 5*3 per cent oxygen in vanadium, 
they determined the existence of a two phase region which 
consisted of the terminal solid solution and a compound. The 
compound had an ordered body-centered tetragonal structure 
and existed as a single phase between 5*3 and 8.3 per cent 
oxygen. 
Rostoker and Yamamoto (10b) have made x-ray investiga­
tions and examined microstructures of vanadium containing up 
to 5 per cent nitrogen. Their investigations revealed that 
the terminal solid solubility of nitrogen in vanadium was 
about one per cent. Also, they determined by x-ray diffrac­
tion that a five per cent nitrogen alloy had a body-centered 
tetragonal lattice similar to that observed by Seybolt and 
Sumsion (17) for vanadium-oxygen alloys. 
Rostoker and Yamamoto (10b) also made a similar study of 
the cast structure of vanadium-carbon alloys containing up 
llj. 
to 10.5 per cent carbon. From O.lj. to 0.8 per cent carbon, 
the structure was observed to be one of coarse grains with 
a small amount of dispersed second phase. However, the 
microstructure of an alloy containing one per cent carbon 
showed interdendritic eutectic structure. With increasing 
carbon content, the amount of eutectic structure increased 
and the eutectic composition appeared to b e between 3.5 and 
5 per cent carbon. With greater than 5 per cent carbon 
additions, primary dendrites of an intermediate phase ap­
peared in increasing amounts until at 10.5 per cent carbon, 
the micro structure was apparently one phase. An x-ray dif­
fraction pattern of this phase identified the structure as 
close-packed hexagonal. 
A detailed investigation of the vanadium-hydrogen sys­
tem has not been made. However, neutron diffraction studies 
on TDg y6" by Roberts (19) have demonstrated that an order-
disorder transformation involving the deuterium atoms occurs 
at a temperature of -65 - 10°C. Below this temperature, the 
deuterium atoms were ordered in a primitive cubic cell with 
aQ equal to 6.30 A. This cell edge was twice that of the 
body-centered cubic vanadium lattice observed at liquid 
nitrogen temperatures with x-rays. 
contains 1.6 weight per cent deuterium. 
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D. Current Theories of the Brittle-Ductile Transition 
The marked temperature dependence of the mechanical prop­
erties mentioned in a previous section are believed to arise 
from the interaction of dislocations with trace impurities. 
This has been postulated since the stress required to move 
a free dislocation is relatively insensitive to temperature 
and should be slight even at low temperatures. The trace 
impurities which could interact with the dislocations are 
principally the interstitial solutes carbon, nitrogen, oxygen 
and hydrogen. 
Interstitial solute atoms can interact with dislocations 
in body-centered cubic metals by two important mechanisms. 
The first mechanism, which has been treated by Cottrell (20), 
arises from the relief of hydrostatic stress around the 
dislocation by the solute atoms segregating into the close 
vicinity of the dislocation. The second mechanism, discussed 
by Nabarro (21), involves the relief of both shear and hydro­
static stress around the dislocation by the solute atoms 
ordering into preferred interstitial sites. 
Around a positive edge dislocation the atoms above the 
dislocation line are compressed, whereas the atoms below the 
dislocation are extended. The strain energy associated with 
this hydrostatic distortion could be reduced if the normal 
lattice parameter of the upper region were reduced locally 
and that of the lower region increased. In substitutional 
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and interstitial solid solutions, the lattice will be sub­
jected to a stress depending upon the amount of contraction 
or expansion resulting from the introduction of the solute 
atom in the lattice. Hence, the strain energy associated 
with this stress as well as that associated with the pres­
ence of the dislocation can be relieved by the solute atoms 
migrating to the expanded or contracted regions around the 
dislocation. In substitutional solid solutions, solute 
atoms which expand the lattice will migrate to the expanded 
region around the dislocation and solute atoms which con­
tract the lattice will migrate to the compressed region. 
Likewise, if an atom in interstitial solution causes a local 
lattice expansion, it will migrate to the expanded region 
around the dislocation and vice versa. 
It has been shown how the segregation of solute atoms 
around a dislocation will relieve the hydrostatic stress 
created by the edge dislocation. However, this process will 
not effect the stress field of a screw dislocation since it 
is ideally pure shear. It is doubtful, according to Bechtold 
(7), if the relief of hydrostatic stress around dislocations 
can by itself entirely account for the low-temperature yield 
behavior of the body-centered cubic metals, since screw dis­
locations will not be anchored. To interact with screw 
dislocations, solute atoms mast be able to relieve shear 
stresses. There is a mechanism, as proposed by Nabarro (21), 
by which interstitial solute atoms in the body-centered 
17 
cubic lattice can relieve shear stresses and involves the 
production of non-symmetrical local distortion of the lat­
tice. The interstitial solute atoms in the body-centered 
cubic lattice may be in either the face centres or the mid­
points of the cube edges. If the atoms are at the centres 
of (001) faces or midpoints of edges perpendicular to (001), 
the lattice becomes tetragonal with (001) as the square 
base. The lattice is then distorted in the direction of the 
C 001J axis» If the atoms jump to neighboring (010) inter­
stitial sites, the lattice becomes tetragonal with (010) as 
the square base and the lattice is similarly distorted in 
the direction of the Coioj axis. Interstitial atoms can, 
therefore, relieve shear stresses by arranging themselves 
in preferred interstitial sites, forming essentially an 
ordered array around the dislocation segments. This inter­
action should be about as strong with screw dislocations as 
with edge dislocations so that the entire dislocation line 
is anchored. Dislocations in face-centered cubic metals 
will not be anchored by this mechanism since neither inter­
stitial nor substitutional atoms can relieve shear stresses 
by migrating into preferred interstitial lattice sites and 
producing a non-symmetrical local distortion. This is 
postulated to be the reason for the pronounced differences 
in the low-temperature mechanical properties of body-centered 
and face-centered cubic metals. 
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If an external force is applied to the dislocation with 
its surrounding atmosphere of solute atoms, it will start to 
move and thus leave its atmosphere of solute atoms behind; 
the energy of the locally distorted lattice is then raised 
which means that the impurity atmosphere tends to restrain 
movement of the dislocation. If the applied force is insuf­
ficient to overcome the anchoring force, the dislocation 
cannot escape its atmosphere or else the atmosphere must 
move along with the dislocation. However, if the applied 
force is sufficient to overcome the anchoring force then the 
dislocation, once freed, will be under unnecessarily large 
external forces and should accelerate markedly when rapid 
flow under smaller forces becomes possible. This would re­
sult in a yield point which is observed in metals tested in 
tension. At high temperatures, thermal fluctuations can aid 
the escape of dislocations from their anchoring atmospheres 
and their propagation through the metal lattice. Hence, the 
metal will exhibit a temperature dependence of ductility 
since the propagation of dislocations through the metal is a 
necessary prerequisite for ductility. At low temperatures, 
the thermal fluctuations are not a sufficient aide to allow 
the dislocations to escape their solute, atmosphere. Hence, 
local stresses may be built up either from an increasing 
external stress or from the piling up of dislocations at 
other dislocation groups, grain boundaries, impurity phases, 
etc. These local stresses can become of such magnitude that 
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the cohesive strength across the crystal planes is exceeded 
and microcracks are formed and propagate through the metal 
which ultimately results in brittle failure. The amount of 
carbon necessary for an anchoring atmosphere in an annealed 
metal is extremely small, being approximately 10~^ per cent 
according to Bechtold (7). Therefore, the full effect of an 
impurity atmosphere can be expected even in the purest met­
als currently available» 
A third mechanism is thought to be an operative in some 
metals in order to account for the presence or lack of a 
brittle-due tile transition. Bruckner (22) and others have 
postulated that brittle transgranular fracture may be re­
lated to mechanical twinning. The twins provide locally 
high stress regions which initiate brittle transgranular 
fracture at stresses well below the theoretical cleavage 
strength of the metal. In the investigation of tungsten (2) 
and molybdenum (3), mechanical twins were observed in speci­
mens fractured in a brittle manner at low temperatures. Ho 
evidence of mechanical twinning was observed in tantalum (7) 
and hence, may be related to the absence of a brittle-
ductile transition in tantalum. 
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III. MATERIALS 
A. Preparation of Pure Vanadium and Alloys 
The-results of investigations on metals in which a 
brittle-ductile transition has been observed indicate that 
the transition temperature can be effected by such varia­
bles as grain size, amount of impurities in solution, amount 
and dispersion of second phases, and upon internal stresses. 
Hence, in this investigation it was necessary to establish 
some degree of uniformity with regard to these variables. 
In this particular study two different grades of vana­
dium were investigated, i.e. different in the general im­
purity level in the base metal. The two grades were crystal 
bar and bomb-reduced vanadium. 
Bomb-reduced vanadium was prepared in this laboratory 
by the reduction of O.P. grade vanadium pent oxide with calci­
um. Three separate reductions were made, each yielding ap­
proximately an 8 1/2 pound massive sample or regulus. The 
reguli were not suitable for processing directly into test 
specimens because of their porosity and the presence of en­
trapped calcium. Hence, the massive reguli were sectioned 
and arc-melted in lj.00 gram lots in a water-cooled copper 
mold under a helium atmosphere. The arc-melted material was 
subsequently given a lt-5 per cent reduction in thickness by 
rolling at lj.00°C if the material was to be used in the 
21 
preparation of test specimens of pure vanadium. The work-
hardened material was then recrystallized (Figure 2) by 
heating in a resistance furnace at 900°C for five hours 
under a vacuum of 10~^" millimeters of mercury. The re-
crystallized material had a hardness of Rockwell "A" 38 
and an average grain diameter of .Ofy. millimeter. This ma­
terial was subsequently used in the preparation of test 
specimens. 
Figure 2. Recrystallized bomb-reduced vanadium (X2f?0) 
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Approximately $00 grams of crystal-bar vanadium was 
prepared at this laboratory by the decomposition of vana­
dium iodide on a vanadium filament heated by electrical 
resistance. The vanadium Iodide was formed by the reaction 
of iodine with bomb-reduced vanadium. The as-deposited ma­
terial was then arc-melted into rods 3/4- inch in diameter 
and subsequently swaged at room temperature into 7/16 inch 
diameter rods. The swaged material was then recrystallized 
(Figure 3) by heating in a resistance furnace at 1100°C for 
48 hours under a vacuum of lO~^ millimeters of mercury. 
The recrystallized material had a hardness of Rockwell nAfl 
21 and an average grain diameter of .20 millimeter. This 
material was subsequently used in the preparation of ten­
sile test specimens. 
Figure 3. Recrystallized crystal-bar vanadium (X2£0) 
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Metallic additions to bomb-reduced vanadium were made 
by carefully weighing out sufficient amounts of the alloy 
constituents to make two 125 gram samples of identical 
composition. Bach 125 gram, sample was then arc-melted in 
a water-cooled copper mold under an inert helium atmosphere. 
After melting, each sample was again weighed to determine 
how much material had volatilized. If the weight change 
was not greater than .05 gram, the 125 gram samples were 
sectioned and mixed. The mixed pieces were then arc-melted 
into two 1/2 inch diameter rods that were six inches long. 
The alloy samples were not work-hardened and recrystallized, 
but they were given an annealing treatment by heating at 
900°C for five hours under vacuum. 
Non-metallic additions of oxygen, nitrogen, and carbon 
to bomb-reduced vanadium were made by first preparing master 
alloys of each of these elements. The oxygen and nitrogen 
master alloys were prepared by arc-melting bomb-reduced 
vanadium in an atmosphere of oxygen or nitrogen. The car­
bon master alloy was prepared by arc-melting bomb-reduced 
vanadium with high-purity graphite. An estimate of the 
composition of the master alloys was made by carefully 
weighing the vanadium before and after the introduction of 
the non-metallic elements. Oxygen, nitrogen, and carbon 
alloys were then prepared by arc-melting together portions 
of the master alloy and bomb-reduced vanadium in the manner 
described above for the preparation of samples containing 
2k 
metallic additions. These alloy samples were also annealed 
at 900°C for five hours under a vacuum of 10~^" millimeters 
of mercury. 
The wires for the internal friction measurements were 
prepared by swaging a 3/8 inch diameter bar of crystal-bar 
vanadium to .030 inch diameter wire. The swaged wires were 
recrystallized by heating 2k hours at 900°C under vacuum. 
Hydrogen was added to the recrystallized wires by heating 
under an atmosphere of hydrogen at 500°C for 30 minutes and 
then allowing the hydrogenated wire to furnace cool under 
vacuum. Carbon was added to one wire for internal friction 
measurements by heating the wire in Shawinigan black at 
900°C for 2k hours under vacuum. 
B. Preparation of Test Specimens 
The rectangular shaped bend test specimens were pre­
pared by first milling the irregular shaped recrystallized 
specimens to the approximate final dimensions. These sam­
ples were then finished to the final dimensions by grinding 
on a Do-All surface grinder with a Norton 38AI46-H8VBE 
grinding wheel. The bend test specimens had the dimensions 
of 2.25 x .375 x .25 inches. 
The tensile specimens were prepared by first machining 
the heat treated material to within .010 inch of the final 
dimensions (Figure Ij.). The samples were then ground to 
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within .001 inch of the final dimensions on a cylindrical 
external grinder and polished to the final dimensions with 
k/0 emery polishing paper. 
Crystal-bar and bomb-reduced vanadium and the vanadium 
to which carbon, nitrogen, oxygen and hydrogen was added 
were analyzed by a combination of chemical and spectographic 
methods. The analysis of both grades of vanadium is pre­
sented in Table .2.» The alloys which were prepared to con­
tain various amounts of metallic elements were not analyzed 
by quantitative procedures. 
C. Chemical Analysis of Vanadium 
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Table 2. Analysis of vanadium 
Composition (wt. 
Impurity Crystal-bar Bomb-reduced 
C .021$. .08 
N .005 .02 
0 less than .010 .015 
H .001 .006 
Cr, Fe, Si less than .02 less than .02 
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IV. APPARATUS AMD EXPERIMENTAL METHODS 
The transition from ductile to brittle behavior can be 
ascertained by many different tests, as mentioned in a 
previous section. In this investigation, two different 
mechanical tests were employed for the purpose of confirma­
tion of the existence of a brittle-ductile transition in 
vanadium. The two mechanical tests employed were the slow 
tensile test and the bend test. Both tests were employed 
in the investigation of bomb-reduced vanadium whereas only 
the tensile test was utilized in the case of crystal-bar 
vanadium. For evaluating the effect of metallic additions 
on the transition in bomb-reduced vanadium, the slow ten­
sile test was used exclusively. This was done since more 
data of a generally useful nature could be obtained. For 
the evaluation of the effect of non-metallic additions, 
i.e. carbon, nitrogen, and oxygen, the bend test was used 
because of the extreme brittleness of some of the alloys 
and subsequent difficulty experienced in machining them. 
In the following sections of this chapter the equipment 
utilized and the procedure employed in performing the me­
chanical tests will be discussed in some detail. In the 
last two sections the x-ray cameras used and the internal 
friction apparatus will be described. 
It would be appropriate at this point for the purpose 
of clarification of the succeeding discussion to mention 
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that preliminary investigations indicated that a brittle-
ductile transition occurred in vanadium at sub-zero tempera­
tures when the tests were performed at slow strain rates. 
Hence, most of the equipment used in this investigation was 
adapted for investigations down to -l85°C. 
A. Tensile Testing Equipment and Procedure 
All samples were tested on a Baldwin-Tate-Btiery tensile 
machine at a strain rate of 1 x 10*"^ inch per inch per sec­
ond. The data were taken from autographic load-extension 
curves and measurements on the test samples. The extension 
data were obtained by attaching a microformer extensometer 
to a pair of knife edges which were in turn attached to the 
test specimen at the one inch gauge length. The arrangement 
was such that strains as small as .5 x 10**^ inch per inch 
could be determined from the load-extension curves. The 
microformer extensometer was removed from the sample when 
the elastic portion of the load-extension curve was well de­
fined because of the possibility of ruining the microformer 
when brittle fracture occurred. The remainder of the stress-
strain curve was determined by placing a dial gauge extensom­
eter in contact with the moving crosshead. 
The schematic diagram given in Figure 5 shows the es­
sential components of the tensile testing apparatus. These 
components may be divided into three functional groupings: 
UPPER MOVABLE 
CROSS HEAD 
OF TENSILE 
MACHINE 
POTENTIOMETER 
9 O O 
o 
a oo 
-r 
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MAGNETIC VALVE 
TO VACUUM 
MERCURY 
RELAY SWITCH 
LIQUID NITROGEN SUPPLY 
LINE TO TEST CHAMBER ' TEMPERATURE CONTROLLER 
LIQUID NITROGEN CONTAINER 
LOWER FIXED 
CROSS HEAD OF 
TENSILE 
MACHINE 
Figure Block diagram of the low-temperature tensile testiihg apparatus 
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the refrigerant storage and supply system, the refrigerant 
flow regulating system, and the test chamber. 
The refrigerant storage and supply system consisted 
essentially of a fifteen liter Dewar flask equipped with a 
special head assembly. The essential components of the head 
assembly were a pressure gauge, a pressure relief valve, a 
packless needle valve, and an exhaust valve. The refrig­
erant, liquid nitrogen, was stored in the Dewar flask which 
trapped the vapor evolved and caused a build up of pressure 
on the surface of the liquid. This pressure was indicated 
by the pressure gauge and could be adjusted by means of the 
pressure relief valve. The pressure relief valve protected 
the Dewar flask from excessive pressure and maintained a 
constant supply pressure on the surface of the liquid nitro­
gen. This pressure forced the liquid up through the supply 
tube, which extended to the bottom of the Dewar vessel, and 
the amount of flow could be regulated by means of the needle 
valve installed in the supply line. The exhaust valve was 
used for reducing the Dewar pressure rapidly when desired 
and for building up an initial pressure. 
The refrigerant flow regulating system consisted of the 
previously mentioned needle valve, a small packless magnetic 
valve, a Brown Blectronik temperature controller, and a 
control thermocouple installed in the test chamber. Two 
additional thermocouples were placed in contact with the 
test specimen and connected to a portable potentiometer for 
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purposes of checking the temperature gradient. When refrig­
erant was needed in the test chamber, as indicated by the 
control thermocouple, the controller energized and opened 
the magnetic valve. This allowed the liquid nitrogen to 
flow at a rate determined by the setting of the needle valve 
and the pressure in the Dewar flask. When additional refrig­
erant was not needed, the control thermocouple signaled the 
controller which de-energized and closed the magnetic valve 
and shut off flow of liquid nitrogen. Gopper-constantan 
thermocouples which had been calibrated down to the tem­
perature of liquid nitrogen were used as the temperature 
sensing elements. The supply line which was of flexible Ty-
gon tubing from the magnetic valve to the test chamber was 
insulated by a vacuum. This was accomplished by surrounding 
the Teflon tube supply line with Tygon tubing. To prevent 
the Tygon tubing from collapsing under the vacuum, a spiral 
of wire was placed between the Tygon and Teflon tubes. This 
arrangement provided an effective insulation as well as 
rendering a degree of flexibility to the supply line. With 
this system of temperature control, a given test temperature 
could be maintained to - 2°C. 
The test chamber as shown in Figure 6 consists essen­
tially of an inner can to confine the nitrogen vapor, an 
outer double-walled cylinder in which a vacuum is maintained, 
and this in turn is surrounded by Verzniculite insulation. 
The refrigerant, usually in the form of nitrogen vapor, 
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Figure 6. Low-temperature tensile test chamber 
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enters the test chamber through a copper coil wound on the 
upper grip of the test machine and escapes into the inner 
liner through the perforations in the bottom segment of the 
coil. The bottom segment of the coil is fitted with a 
shield to prevent the possibility of droplets of refrigerant 
contacting the specimen when the flow rates are such that 
liquid transfer to the test chamber occurs. The cold vapor, 
after it escapes through the perforations in the bottom 
coil, passes down around the test specimen and lower tensile 
grip where it remains until forced up and out of the test 
chamber by colder and denser vapor. As a result of this 
directed flow of refrigerant the temperature gradient along 
the tensile specimen was about 2°C. 
Tensile tests which were conducted above room tempera­
ture were performed by replacing the low-temperature test 
chamber with a resistance furnace and suitable insulation 
at both ends of the furnace. A given test temperature was 
controlled to Î 2°C by use of a Bristol temperature recorder 
and controller. 
B. Bend Test Equipment 
The bend test apparatus consisted of a double support 
giving a span of two inches, a load rod, and a dial indica­
tor gauge to measure specimen deflection, all enclosed in 
either a low temperature test chamber or a resistance 
3k 
furnace. The above apparatus was mounted on a small lab­
oratory press. The low temperature test chamber and control 
apparatus was the same as that used on the tensile testing 
apparatus. likewise, the same resistance furnace and con­
trol apparatus were used for tests conducted above room tem­
perature. The test temperature was measured at the specimen 
by means of a copper-constantan thermocouple. A plastic bag 
was placed around the entire apparatus and inflated with 
argon prior to testing in order to eliminate atmospheric 
condensation at low temperatures and sample oxidation at 
high temperatures. A strain rate of from .01 to .1 inch per 
minute was applied manually by means of the press level arm. 
The data pertinent to this particular investigation were ob­
tained by applying an increasing load. The specimen was 
bent in .001 inch increments until it either broke or was 
bent .2$ inches which was the extent that the apparatus would 
allow. 
C. low-Temperature X-ray Apparatus 
The low-temperature x-ray investigations were carried 
out on both massive polycrystalline samples and single 
crystals of vanadium. The equipment and technique relevant 
to each of these investigations will be discussed. 
The essential components of the low-temperature x-ray 
camera used in the investigation of massive samples of 
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vanadium are shown in Figure 7. This camera was designed 
to replace the regular room-temperature specimen holder on 
the Norelco high-angle goniometer Geiger-counter x-ray 
d if frac tome ter. The vanadium sample with dimensions of .75 
x .50 x .25 inches was positioned in a groove of similar 
dimensions in the copper block. Wood's metal was used to 
assure an effective thermal contact between the copper 
block and vanadium specimen. Two calibrated copper-
constantan thermocouples were used in this investigation. 
One thermocouple was placed in contact with the vanadium 
sample and the other was soldered to the incoming refrig­
erant line for control purposes. With the aluminum cover 
plate positioned to the back plate, this arrangement was 
then evacuated to less than 1 x 10~^ millimeters of mercury 
which eliminated all condensation of atmospheric water va­
por on the sample and provided an effective insulation. 
Some atmospheric condensate was observed, however, on the 
aluminum foil window at temperatures below -100°C. The 
refrigerant supply and temperature control equipment was the 
same as that used on the tensile test apparatus. In this 
investigation, the Dewar flask was mounted on a rack and 
pinion type of jack so that the flask could be raised and 
lowered as the camera was rotated about its axis. The 
vertical movement of the Dewar flask and the associated 
flexibility of the refrigerant supply tube allowed the ex­
amination of the specimen without difficulty over a 2@ 
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range of 90°. Also, with, this arrangement the temperature 
of the sample could be maintained at Î 1°C while the camera 
was rotated about the previously mentioned 26 range. Cop­
per Ka radiation was used throughout the investigation. 
The examination of single crystals of vanadium was 
made by use of a Weisseriberg camera. Single crystals were 
obtained from two sources. One source of single crystals 
was from the small droplets of vanadium spattered onto the 
copper mold during the course of arc-melting. The second 
source of single crystals was from the crystals deposited 
in the preparation of crystal-bar vanadium. The single 
crystal was cooled in the camera by directing a jet of cold 
nitrogen vapor onto the crystal. The temperature of the 
crystal was approximated by placing a copper-constantan 
thermocouple adjacent to it. The low temperature control 
system previously described was also used in this investi­
gation. To eliminate atmospheric condensation on the crys­
tal and camera, a plastic bag was placed around the camera 
and filled with helium. 
D. Internal Friction Apparatus 
The essential components of the low-temperature in­
ternal friction apparatus are shown in Figure 8. Prior to 
each low temperature investigation the volume around the 
wire and inside the plastic shield was filled with argon to 
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reduce moisture condensation. However, the condensation 
could not be entirely eliminated below -7$°G. The tem­
perature of the wire specimen was estimated by two copper-
constantan thermocouples in close proximity of the wire. 
Measurements indicated that the temperature gradient along 
the wire was less than 2°C. Liquid nitrogen was placed in 
the cylinder prior to each run and allowed to evaporate. 
The temperature of the wire specimen would then rise to 
room temperature at a rate of about one-half degree per 
minute. The temperature of the oil bath was maintained at 
22°C throughout the course of the run. To measure the in­
ternal friction at a given temperature, the wire was put 
in torsional oscillation by means of an electromagnet and 
the amplitude of oscillation was observed on a translucent 
scale. The amplitude of each oscillation was then plotted 
on a logarithmic scale versus the oscillation number which 
generally extended to forty-two. The slope of this line 
divided by $ was the internal friction. The temperature 
change of the wire specimen was at most one degree while 
data were being recorded for an internal friction determina­
tion at a given temperature. The internal friction of the 
wire specimen was determined at five degree intervals up to 
room temperature. 
To conclude the discussion of the apparatus and experi­
mental methods it should be remarked that electrical re­
sistance and dilatometric measurements were also made on 
14-0 
vanadium. However, the equipment used was that ordinarily 
used in such experimental investigations. The electrical 
resistance was measured by use of a Kelvin double bridge and 
the thermal expansion of the vanadium samples was determined 
by use of a sensitive strain gauge. 
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V. EXPERIMENTAL RESULTS 
The mechanical tests disclosed the existence of a 
brittle-ductile transition in metallic vanadium at sub-zero 
temperatures. In the following sections data are presented 
which substantiate the foregoing conclusions, together with 
data which indicate the pronounced effect that metallic and 
non-metallic additions have on the brittle-ductile transi­
tion in vanadium. 
A. Transition in TBialloyed Vanadium 
The mechanical properties of each of the unalloyed 
vanadium specimens tested in uniaxial tension are tabulated 
in Table 3. Also, several of the stress-strain curves 
obtained for crystal-bar vanadium are shown in Figure 9. 
At temperatures above -110°C, crystal-bar vanadium was ob­
served to undergo considerable plastic deformation prior 
to failure (Figure 10) 5 at -120°C and -llj.0oC, this grade of 
vanadium fractured in a brittle trans granular manner (Fig­
ure 11) near the lower yield point and hence underwent little 
plastic deformation. However, tensile tests performed at 
-150°C and -179°C indicated that crystal-bar vanadium was 
able to again plastically deform at these temperatures. It 
should also be noted in Figure 9 that distinct yield points 
Table 3. Mechanical properties of vanadium 
Ductility 
Propor-
Test Total Reduc- Uniform tionalb Yield 
Sample Vanadium tempera- elonga- tion in elonga- limit strength 
number grade ture (°0) tion area tion (Psi) (Psi) 
BAL-14-8- 1 
BAL-148- 2 
BAL-148- 3 
BAL-I4.8- Il 
BAL-148- 5 
BAL-I48- 6 
BAL-148- 7 
BAL-148-II 
BAL-148- 8 
BAL-148- 9 
BAL-148-12 
BAL-148-IO 
Oryatal«bar 20 38.3 95.0 16.3 
0 37.1 95.0 15.1 
-20 38.7 95.0 16.7 
'ho 35.2 95.0 14.5 
-60 32.9 95.0 15.9 
-80 38.6 95.0 17.6 
-100 39.2 95.0 20.2 
-110 23.0 18.8 6.5 
-120 2.0 8.7 2.0 
-lkO 4-. 2 14.9 4.. 2 
-150 13.4- 18.8 4-.0 
-179 17.4 30.2 3.8 
7,187 
7,085 
11,134-
11,134 
10,267 
12,170 
11,831 
18,405 
29,535 
m 
il:® 
21,053 
16,296 
21,253 
19,777 
25,000 
39,161 
30,696 
38,934 
^Uniform elongation is the elongation of the specimen before "necking" occurs. 
Proportional limit is the stress at the first observable deviation from the 
elastic portion of the stress-strain curve. 
cYield strength is the stress at .2 per cent offset from the elastic portion 
of the stress-strain curve. 
Table 3. (Continued) 
Test 
Sample Vanadium tempera-
number grade ture (°C) 
BAL-40-1 Bomb-reduced 22 
BAL-lj.0-2 » 22 
BAL-4.0-4. " -32 
BAL-5.0-3 " -55 
BAL-4O-8 » -71 
BAL-40-9 " -90 
BAL-4O-6 " -105 
BAL-4O-7 11 -132 
Ductility (%) 
r Propor-
Total Reduc- Uniform tlonal. Yield 
elonga- tion In elonga- limit strength 
tion area tion (Psi) (Psi) 
36.04. 45.82 
35.32 50.99 
33.67 36.65 
34.44 26.29 
2.92 1.20 
1.71 1.59 
2.41 3.19 
1.27 .80 
15,151 22,989 
20,707 26,970 
21,212 28,081 
18,182 23,000 
28,283 31,000 
5o,ooo 54*545 
Table 3* (Continued) 
Upper Ultimate 
Test yield. tensile 
strength 
Fracture^ 
Sample Vanadium tempera­ point strength Type of 
number grade ture (°C) (Psi) (Psi) (Psi) fracture 
BAL-148- 1 
BAL-148- 2 
BAL-148- 3 
BAL-148- 4 
BAL-148- 5 
BAL-148- 6 
BAL-148- 7 
BAL-l48-li 
BAL-148- 8 
BAL-148- 9 
BAL-148-12 
BAL-148-IO 
^Upper yield point la the stress at which there is a marked Increase in 
deformation without an increase in load. 
eUltimate tensile strength is the maximum load prior to the onset of "necking" 
divided by the original cross-sectional area. 
f Fracture strength is the load at fracture divided by the original cross-
sectional area. 
®No upper yield point was observed. 
^No maximum load after the upper yield point was observed. 
Crystal-bar 20 -" 28,747 2,053 Ductile 
29,554 2,024 " 
31,984 2,024 " 
29,453 2,024 " 
35,934 2,053 " 
36,hlO 2,028 " 
40,74l 2,058 " 
43,354h 2,965 Semi-ductile 
51,688 Cleavage 
" 52,254 " 
" 2,024 Semi-ductile 
62,656 1,660 " 
_G 
0 11 
-20 11 
-40 » 
-60 11 
-80 ti 
-100 11 
-110 41,718 
-120 58,650 
-140 59,426 
-150 61,235 
-179 63,070 
Table 3• (Continued) 
Upper Ultimate 
Test yield. tensile Fracture^ 
Sample Vanadium tempera- point strength strength Type of 
number grade ture (°C) (Psi) (Psi) (Psi) fracture 
BAL-ij.0-1 
BAL-lj.0-2 
BAL-40-4 
BAL-lj.0-3 
BAL-lj.0-8 
BAL-40-9 
BAL-40-6 
BAL-40-7 
Bomb-reduoed 22 
22 
-55 
-71 
-90 
•105 
-132 
.6 
11 
it 
S 
.5,450 
1,313 
61,111 
66,869 
39,091 
37,576 
49,949 
49,697^ 
11 
11 
» 
5,021 
m 
5,252 
61,111 
64,646 
Ductile 
11 
Cleavage 
11 
11 
11 
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Figure 9• Stress-strain curves for crystal-bar vanadium 
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Figure 10. Deformation bands in crystal-bar 
vanadium after testing at -100°C 
Figure 11 Transgranular crack in crystal-bar 
vanadium after testing at -l40°C 
ks 
In the stress-strain curves occurred only for test tempera­
tures at and below -110°C. 
Similar stress-strain curves were obtained for bomb-
reduced vanadium. However, this grade of vanadium could not 
be plastically deformed to any great degree at temperatures 
below -55°C. Below this temperature, the metal fractured in 
a brittle transgranular manner near the lower yield point 
before undergoing much elongation or reduction in cross-
sectional area# 
The temperature dependence of the mechanical properties 
obtained from the stress-strain curves and from measurements 
on the test specimens is shown in Figure 12 and Figure 13. 
These curves show a temperature dependence of the mechanical 
properties similar to that exhibited by other body-centered 
cubic metals in which a brittle-ductile transition has been 
observed. With decreasing test temperature, there is a 
pronounced decrease in ductility, an increase in yield 
strength, proportional limit, and ultimate tensile strength 
at the transition temperature. On the basis of the plots 
of ductility versus testing temperature and the examination 
of fractured surfaces, the transition temperature was estab­
lished at -110 - 10°C and -65 - 10°C in crystal-bar and bomb-
reduced vanadium, respectively. 
Young*s Modulus of elasticity for both crystal-bar and 
bomb-reduced vanadium showed a peculiar type of temperature 
dependence (Figure 1I4.). A minimum value of Young1 s Modulus 
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Table 4« Mechanioal properties 
Nominal Test 
Sample composi­ temp era-
number tion ture (°C) 
bal-io4-i-2 V+.25#Ta 108 
BAL-104-1-3 « 60 bal-io4-i-i m 23 bal-io4-i-4 ii 
-44 
BAL-47-1 V+0*5#Ta 23 
BAL-47-2 11 -4 
BAL-47-3 11 -25 
BAL-47 **4 11 -50 
BAL-128-2 V+l.o^ Ta 55 
BAL-128-3 11 40 bal-i28-i 11 23 
BAL-128-4 11 -24 
BAL-129-1 V+*25#Cr 23 
BAL-129-4 11 -22 
BAL-129-3 11 -32 
BAL-129-2 11 —50 
bal-45-3 V+0.5%Cr 23 bal-45-1 11 -27 
BAL-45-4 11 -35 
BAIi-45-2 11 -52 
vanadium alloys (Metallic additions) 
Ductility 
Total Reduc-
elonga- tion in 
tion area 
U.T.S. 
(Psi) 
P.S. 
(Psi) 
Type 
of 
fracture 
Hardness 
Rockwell 
"A" 
19.01 
9.50 
1.0 
•44 
22.03 
17.90 
io. 43 
6.03 
12.52 
22.67 
6*66 
2.02 
12.05 
2.89 
4-43 
1.61 
19.99 
22*56 
21.07 
3.82 
4L.8 
36.40 
3.02 
.43 
25.10 
20.32 
3.59 
2.79 
17.0 
32.1 
6.64 
.86 
9.37 
2.53 
4.08 
2.04 
28.29 
19.52 
23.90 
1.59 
36,853 1,077 Ductile 
43,319 3,483 " 
4o,94& 40,948 Cleavage 
28,879 28,879 " 37 
43.636 1,010 Ductile 31 
46,263 30,303 " 
46,970 46,970 Cleavage 
49,697 49,697 " 
42,675 1,061 Ductile 
46,284 26,008 » 
43.683 43,683 Cleavage 44 
40.685 40,685 " 
43.686 43,686 Cleavage 28 
35,158 35,158 
40,326 40,326 " 
38,798 38,798 " 
i 
2,828 1,010 Ductile 30 
5,555 48,687 Cleavage 
.8,687 35,354 " 
1,717 51,717 » 
» 
Table 4* Meohanioal properties of vanadium alloys (Metallic additions) 
Ductility 
Nominal Test Total Reduc- Type Hardness 
Sample composi- tempera- elonga- tion in U.T.S. P.S. of Rockwell 
number tion ture (°C) tion area (Psi) (Psi) fracture "A" 
BAL-lOif-1-2 
BAE-IO4-I-3 
BAL-lOii.-1-l 
BAL-104.-1-4 
V+.25#Ta 
11 
11 
11 
108 
60 
23 
-44 
19.01 
9.50 
1.0 
•44 
41.8 
36.4-0 
3.02 
•43 
36,853 
43,319 
4.0,94s 
28,879 
1,077 
3,483 
40,948 
28,879 
Ductile 
11 
Cleavage 
11 37 
BAL-47-I 
3AL-47-2 
BAL-47-3 
BAD-4.7-4. 
V+0.5#Ta 
11 
11 
11 
23 
-à 
22.03 
17.90 
10.43 
. 6.03 
25.10 
20.32 
3.59 
2.79 
43.636 
46,263 
46,970 
49,697 
1,010 
30,303 
46,970 
49,697 
Ductile 
11 
Cleavage 
11 
31 
BAL-12Ô-2 
BAL-128-3 
BAL-128-1 
BAL-I28-4. 
V+l.<$Ta 
11 
11 
11 1 
-24. 
12.52 
22.67 
6.66 
2.02 
17.0 
32.1 
6.64-
.86 
42,675 
46,284 
43.683 
40,685 
1,061 
26,008 
43,683 
40,685 
Ductile 
11 
Cleavage 
11 44 
BAL-129-1 
BAL-129-4 
BAL-129-3 
BAL-129-2 
V+.25#0r 
11 
11 
23 
-22 
-32 
-50 
12.05 
2.89 
4-43 
1.61 
9.37 
2.53 
4.. 08 
2.04-
43,686 
35,158 
40,326 
38,798 
43,686 
35,158 
40,326 
38,798 
Cleavage 
11 
11 
11 
28 
BAL-45-3 
BAL-45-1 
BAL-45-4-
BAL-4-5-2 
V+0.5^0r 
11 
11 
11 
23 
-27 
-52 
19.99 
22.56 
21.07 
3.82 
28.29 
19.52 
23.90 
1.59 
42,828 
55,555 
48,687 
51,717 
1,010 
48,687 
m 
Ductile 
Cleavage 
11 
11 
30 
Table 4» (Continued) 
Type Hardness 
of Rockwell 
fracture "A" 
BAL-103-1 
BAL-103-4 
BAL-103-3 
BAL-103-2 
V+l.O^Cr 
II 
II 
II 
23 0 
-43 
21.10 
22.93 
4* 04 6.63 
42.90 38.20 
2.85 
6.06 
1:1 61,818 
38,477 
43,030 
48,065 61,818 
Cleavage 
11 
11 
11 
42 
BAL-58-3 
BAL-58-2 
BAL-58-1 
BAL-58-I4. 
V+ .5/&T1 
II 
II 
II 
23 
-fo 
-81 
17.61 
18.57 
8.40 
7.39 
35.4 22.2 12.6 
10.4 
59,800 
59,800 
60,100 
62,730 
47,470 
53,540 
60,100 
62,730 
Cleavage 
11 
11 
11 
35 
BAL-105-4 
BAL-IO5-3 
BAL-105-2 
BAL-105-1 
V+l.<#Ti 
11 
11 
11 
203 
149 
62 
23 
1.04 
5.54 1.10 
1.93 
0.41 1.01 
.21 
1.24 
91,786 
40,000 
88,518 
97,515 
91,786 
40,000 
88,518 
97,515 
Cleavage 
11 
11 
11 63 
BAL-I26-I 
BAL-126-2 
BAL-126-4 
BAL-126-3 
V+2.5#TI 
11 
11 
» 
22 
-31 
:fo 
9.40 
7.14 
12.30 
16.23 
23.7 
5.23 
13.50 
18.0 
57,142 
63,232 
70,707 
74-646 
52,521 
4L, 4lk 
60,606 
59,596 
Ductile 
11 
11 
11 
37 
BAL-125-1 
BAL-125-4 
BAL-125-3 
BAL-I25-2 
V+.25#Mo 
11 
11 
11 
22 
2 
-28 
-49 
16.94 10.76 
2.28 
3.24 
14.50 
1.01 
2.08 
3.13 
38,655 
40,808 
38,229 
36,771 
38,655 
40,808 38,229 36,771 
Cleavage 
11 
11 
11 
33 
Ductility (%) 
Nominal Test Total Reduc-
Sample composi- tempera- elonga- tion in U.T.S. F.S. 
number tion ture (°C) tion area (Psi) (Psi) 
Table I).. (Continued) 
Ductility {%) 
Sample 
number 
Nominal 
composi­
tion 
Test 
tempera­
ture (°C) 
Total 
elonga­
tion 
Reduc­
tion in 
area 
U.T.S. 
(Psi) 
P.S. 
(Psi) 
Type 
of 
fracture 
Hardness 
Rockwell 
iiA» 
BAL-I46-3 
BAL-4-6-2 
BAL-46-1 
V+ «5/^Mo 
11 
il 
-30 
-ILO 
-50 
9.75 
8.62 
7.99 
13.90 
7.94-
5.16 
4-6,260 
46,360 
48,990 46,770 
Cleavage 
11 
11 
36 
BAL-IO4-3-2 
BAL-104.-3-3 
B AL-10l|-3 - 4-
BAL-IO4-3-I 
V+l.O^Mo 
11 
11 
11 
212 
1 
1.46 
1.23 
2.64-
1.32 
1.83 
3!^8 
1.21 
31,772 
11 
31,772 
iëi 
Cleavage 
11 
11 
11 36 
BAL-4.8-1 
BAL-4.8-2 
BAL-%.8-3 
BAL-4.8-4 
V+ .5#Zr 
11 
11 
11 
:1 
-75 
22.26 
19.05 
3.00 
2.08 
34-66 
34.26 
2.79 
1.20 
46,263 
36,200 
13,535 
34.343 
46,263 
36,200 
Ductile 
11 
Cleavage 
11 
37 
BAL-104.-2-1 
BAL-104-2-2 
BAL-IO4-2-4. 
BAL-104-2-3 
V+l.($Zr 
11 
11 
11 
23 
"4-5 
-61 
-78 
20.36 
10.24-
1.26 
1.61 
44.80 
12.50 
1.5o 
2.07 ifclw 
10,101 
54,786 
41,560 
40,269 
Ductile 
11 
Cleavage 
11 
32 
BAL-124.-4. 
BAL-I24-I 
BAL-124-2 
BAL-124-3 
V+4» 0$Zr 
11 
11 
-20 
23 
110 
300 
4-. 76 
4-.30 
.39 
5.37 
1.00 
3.54-
2.29 
2.61 
21.818 
26,956 
21,818 
3067 
26,956 
Cleavage 
11 
11 
11 
29 
Table 4» (Continued) 
Ductility (%) 
Sample 
number 
Nominal 
composi­
tion 
Test 
tempera­
ture (°C) 
Total 
elonga­
tion 
Reduc­
tion in 
area 
U.T.S. 
(Psi) 
P.S. 
(Psi) 
Type 
of 
fracture 
Hardness 
Rockwell 
"A" 
BAL-4-9-1 
BAL-49-3 
BAL-49-2 
V+ .$?oTh 
it 
11 
-b.7 
-60 
-76 
2L.32 
26.87 
12.22 
46.4. 
4-9.0 
14.0 
35,960 
36,060 
39,290 
10,100 
23,94-0 
37,370 
Ductile 
11 
Cleavage 
23 
BAL-127-1 
BAL-127-2 
BAL-127-4-
BAL-127-3 
V+1.0%Th 
» 
11 
11 
23 
-46 
-60 
-77 
7.22 
4-.21 
3.47 
1.08 
9.90 
3.03 
3.64 
.40 
25,353 
28,687 
25,454 
20,202 
707 
1,010 
18,990 
20,202 
Ductile 
» 
Cleavage 
it 
19 
57 
40 
350 
300 
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Figure 15. Bend test curves for bomb-reduced vanadium 
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Figure 16. Deflection of bomb—reduced vanadium at sub-
atmospheric temperatures 
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function of test temperature in Figures 17, 18 and 19• The 
transition temperature of these alloys was determined to be 
that temperature at which there was a pronounced decrease in 
reduction in cross-sectional area or total elongation with 
decreasing test temperature. Since this decrease in ductility 
occurred over a range of temperature, the transition tempera­
ture was chosen as the middle of this range. The nature of 
the fracture was also given some consideration in the selec­
tion of the transition temperature. However, in several of 
the alloys the fracture appeared to be of a cleavage type 
at temperatures at which the alloy possessed considerable 
ductility. 
The transition temperature of the vanadium alloys appear 
as plotted points in Figure 20 where the transition tempera­
ture is plotted against the weight per cent of metallic ad­
dition. Since only four specimens of each composition were 
tested, it was not possible to locate accurately the transi­
tion temperature. Therefore, the transition temperatures of 
the alloys shown in Figure 20 must be considered only as ap­
proximate. In most cases, however, the accuracy of the 
transition temperature is believed to be i 10°C. 
For the majority of the metallic additions studied, 
their effect was generally to raise the transition tempera­
ture of unalloyed vanadium. The only metallic additions 
investigated which lowered the transition temperature of 
vanadium were titanium when present in amounts greater than 
59 
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Figure 17. Ductility of vanadium containing small amounts of 
zirconium and molybdenum 
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Figure 18. Ductility of vanadium containing small amounts of 
tantalum and thorium 
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Figure 19. Ductility of vanadium containing small amounts of 
chromium and titanium ' 
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Figure 20. Effect of small amounts of metallic elements on 
the transition temperature of vanadium 
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2.5 per cent and possibly thorium when present in amounts 
less than .5 per cent. Also, it will be observed in Figure 
20 that the metallic additions have anomalous maxima and 
minima effects. 
Microstructures which are representative of the substi­
tutional alloys, i.e. metallic additions to vanadium, investi­
gated are shown in Figures 22 through 32. The micro structure 
of unalloyed vanadium is shown in Figure 21. An interpreta­
tion of each microstructure is given with the appropriate 
figure. All of the samples were etched in a solution con­
taining 20 parts nitric acid, 20 parts hydrofluoric acid, 
and 60 parts glycerine. 
G. Effect of Eon-Metallic Additions 
The effect of nitrogen, oxygen, and carbon on the 
brittle-ductile transition in vanadium was investigated by 
means of the bend test as mentioned in a previous section» 
Data similar to that shown in Figures 15 and 16 were taken 
for each of the alloys examined. Likewise, the transition 
temperature was recorded as that temperature at which there 
was a pronounced increase in the amount of deflection the 
specimen could be given before it fractured. The specimens 
to which these elements had been added could, in general, 
not be bent as much as pure vanadium, but the transition 
Figure 21. 
Figure 22. 
Figure 23. 
Figure 2lj-. 
Figure 25* 
Figure 26. 
Bomb-reduced vanadium 
As-annealed. Impurity 
(X250) . 
phase in the grains. 
Vanadium containing .5 per cent thorium 
As-annealed. Impurity phase in the grains. 
(X250). 
Vanadium, containing 1*0 per cent thorium 
As-annealed. Crack propagating along grain 
boundary which contains essentially pure 
thorium. Impurity phase in the grains. 
(X250). 
Vanadium containing .5 per cent titanium 
As-annealed. Impurity phase in grains and 
along grain boundaries. (X250). 
Vanadium containing 1*0 per cent titanium 
As-annealed. Small amount of impurity phase 
in the grains. (X250). 
Vanadium containing 2.5 per cent titanium 
As-annealed. Small amount of impurity phase 
in the grains and along the grain boundaries. 
(X250). 
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Figure 27. Vanadium containing .5 per cent zirconium 
As-annealed. Impurity phase in the grains and 
along the grain boundaries. (X250). 
Figure 28. Vanadium containing 1*0 per cent zirconium 
As-annealed. Impurity phase in the grains and 
along the grain boundaries . (X250). 
Figure 29» Vanadium containing 4*0 per cent zirconium 
As-annealed. VpZr compound in the grains and 
along the grain boundaries. (X250). 
Figure 30. Vanadium containing *25 per cent molybdenum 
As-annealed. Impurity phase in the grains and 
along the grain boundaries. (X250). 
Figure 31. Vanadium containing .50 per cent molybdenum 
Impurity phase in the grains and along the 
grain boundaries. (X250). 
Figure 32. Vanadium containing 1*0 per cent molybdenum 
Small, amount of impurity phase In the grains 
and along the grain boundaries. (X250). 
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Figure 33» Transgranular fracture in vanadium containing 
.215 per cent oxygen (X250) 
•was still apparent. Also, all the fractures were observed 
to be of a brittle transgranular nature (Figure 33)• 
The transition temperature of each of the alloys in­
vestigated is tabulated in Table 5 along with their respec­
tive hardness values. Also, the transition temperature of 
these alloys appear as plotted points in Figure 34. It 
will be observed that, of the interstitials hydrogen, nitro­
gen, oxygen, and carbon, hydrogen has the most pronounced 
effect on the transition temperature of vanadium. Carbon 
affects the transition temperature only slightly whereas 
nitrogen and oxygen have an effect intermediate to that of 
69 
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Figure 3k-» Effect of hydrogen, oxygen, nitrogen, and carbon 
on the brittle-ductile transition in vanadium 
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Table 5* Transition temperature and hardness values of 
vanadium containing various amounts of oxygen, 
nitrogen, carbon, and hydrogen 
Transition Rockwell 
tempera- Test "A" 
Composition ture(°C) Procedure Hardness 
Crystal-Bar Vanadium + . 001%E -110 Tensile 21 
Bomb-Reduced Vanadium 4- .006 - 70 Bend 38 
Crystal-Bar Vanadium + .OlO^H 23 Bend 
Crystal-Bar Vanadium +• .027%H 23 Bend 
Crystal-Bar Vanadium 4- .010^0 -110 Tensile 21 
Bomb-Reduced Vanadium + . oi5%o - 70 Bend 38 
Bomb-Reduced Vanadium + .°65g°* - 40 Bend 45 
Bomb-Reduced Vanadium + .115^0J - 25 Bend ¥> 
Bomb-Reduced Vanadium + .2l5%0a 105 Bend 55 
Crystal-Bar Vanadium + .005fo$i -110 Tensile 21 
Bomb-Reduced Vanadium + .021$? - 70 Bend 38 
Bomb-Reduced Vanadium + .23 3ÉBT 25 Bend 58 
Bomb-Reduced Vanadium + .1* # 315 Bend 68 
Crystal-Bar Vanadium + • 02l$C -110 Tensile 21 
Bomb-Reduced Vanadium + .09 ^C - 70 Bend 38 
Bomb-Reduced Vanadium + .10 %0 - 80 Bend 43 
Bomb-Reduced Vanadium + .19 %C - 47 Bend 44 
Bomb-Reduced Vanadium + .29 %C 
- 45 Bend k2 
aThe composition of this alloy is the nominal composi­
tion. 
hydrogen and carbon. The portion of the curve shown for 
hydrogen additions at room, temperature and above was derived 
by bending vanadium wires by hand. Although, this manner 
of testing was not considered reliable for accurately deter­
mining the transition temperature of vanadium to which 
71 
hydrogen had been added, it did serve to isolate the effect 
of hydrogen on vanadium at room temperature. The wire 
which contained .027 per cent hydrogen could not be bent at 
room temperature without fracturing, whereas a wire con­
taining .01 per cent hydrogen could be bent in a 180° arc 
at room temperature without fracturing. The slope of the 
curve for hydrogen additions was decreased at temperatures 
above l50°C on the basis of the studies by Roberts and Rogers 
(10a). They observed that a vanadium wire which contained 
about .05 per cent hydrogen was quite ductile at 150°C. The 
micro structure s of the alloys which contained various amounts 
of hydrogen, oxygen, nitrogen, and carbon were all very 
similar to the one shown in Figure 33 • 
D. Results of the X-ray Investigations 
The lattice constant, aQ, was determined for massive 
poly-crystalline samples of crystal-bar and bomb-reduced 
vanadium over a wide range of temperature. The crystal-bar 
vanadium had been given a 70 per cent reduction in thickness 
by rolling. The increase in hardness associated with this 
deformation was only about three points on the Rockwell nA" 
scale. Hence, the material, although plastically deformed, 
had been work-hardened only a slight amount. The bomb-
reduced vanadium had been annealed at 900°C for five hours. 
The results of this investigation are tabulated in Table 6 
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and appear as plotted points in Figure 3f>. In the case of 
bomb-reduced vanadium, seven reflections were used in 
determining the lattice constant at a given temperature, 
whereas only six reflections were used in the case of crystal-
bar vanadium* The accuracy of the lattice constant for a 
given temperature was enhanced by the application of the 
Nelson-Riley function and least-squares treatments* Be­
tween room temperature and -12ij.0C the lattice constant of 
bomb-reduced vanadium decreased in accordance with the 
normal thermal contraction of the lattice. However, in the 
case of the crystal-bar vanadium the lattice constant de­
creased in the normal manner only down to -75°C. Between 
-75°C and -155°C, the lattice constant of crystal-bar vana­
dium was essentially constant, and below -l55°C there was a 
significant decrease in the lattice constant. There was no 
indication of an allotropie transformation in vanadium at 
low temperatures since the same body-centered cubic reflec­
tions were observed at all temperatures. 
In addition to determining the temperature dependence of 
the lattice constant of vanadium, the intensity of the vari­
ous x-ray reflections was examined for a temperature depend­
ence by two different approaches. The first approach in­
volved an attempt to determine the temperature factor, B, in 
the equation; 
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Figure 35e Lattice constant of vanadium at sub-atmospheric temperatures 
7k 
l*»l _ =-B(steli) 
P e l  "  
= 6 ' A2 
where F is the observed structure factor, and P is the 
x * c 
calculated structure factor. However, the values of the 
IV 
ratio p as determined at a given temperature were so 
• c * 
erratic that no reliable temperature factor could be ob­
tained. The second approach to determining the temperature 
dependence of the diffracted x-ray intensity was by consid­
ering the relationship between Log I and the function « 
e x 
The intensity of each x-ray reflection was obtained by 
graphically integrating the area under the peak with a pla-
nimeter. The relationship between Log@I and should be iM 
x 
linear according to the following derivation of the tempera­
ture dependence of intensity for a given (hkl) reflection 
(23, p. 557): 
I (hkl) cc |F|2 = |Fj 2 e-2B C~^r^)= (Po|2 e 2M 
where F is the structure factor at temperature T°K and PQ 
is the structure factor when the atoms in the unit cell are 
at rest. Debye has deduced the value 
- 6h2 r0(z) _L ll sin2 6 
M = 5TTF©* + tj a A2 
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Table 6. Lattice constant, a , of vanadium between 
26*0 and -189°C ° 
Bomb-reduced vanadium Crystal-bar vanadium 
Tempera­ Lattice constant,a Tempera­ Lattice constant,a 
ture (°C) (Angstroms) ture (°C) (Angstroms) 
26 3*0281 23 3.0218 
1 3.0276 
-4 3.0203 
-12 3.0272 -25 3.0186 
-24 3.0269 -51 3.0176 
-35 3.0268 -75 3.0164 
-1*5 3.0266 -103 3.0169 
-58 3.0266 -127 3.0166 
-73 3.0254 -155 3.0174 
-80 3.0258 -189 3.0134 
—86 3.0258 
-91 3.0251 
-96 3.0256 
-111*. 3.0245 
-124 3.0245 
where <9 is the characteristic temperature of the crystal, 
h is Planck * s constant, k is Boltzmann's constant, and m& is 
the mean mass of the atoms in the crystal. 
x = -§- and 0{x) = ~ /x de 
x 73 e - 1 
Values of fi{x) in terms of x are given in the International 
Tab ell en (23, p. 5714-) • Hence, using the above formulas the 
following relationship is obtained: 
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logeI oc logô |roj2 - 2M 
logeI <r [ loge |F0|2 - (^r - JiJTJÈ)] 
or 
iogei cc ki - kg (4F) • 
The results of plotting log I versus 0(x) for crystal-bar and 
x 
bomb-reduced vanadium are shown in Figure 36. For crystal-
bar vanadium the slope of the line relating log^I and 
changed at about -60°C for all reflections. However, in the 
case of bomb-reduced vanadium the change in slope, when ob­
served, occurred over the range -l5°C to -50°C. 
The results of the investigation of single crystals of 
vanadium at low temperatures by means of the Weissenberg 
camera, in general, complement the results obtained on poly-
crystalline samples of vanadium. The crystals were examined 
for only one orientation, that being a rotation about the 
£lloJ axis. It was observed that between room temperature 
and -115°C the symmetry of the crystal was unchanged. How­
ever, below about -70®C the (222) reflection seemed to dis­
appear. It was possible to regain this reflection by re­
aligning the crystal at low temperatures. 
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The validity of the observed x-ray diffraction effects 
is substantiated by dilatometric and electrical resistance 
measurements on poly^erystalline samples of vanadium. The 
data obtainable from these two studies were, in general, 
irreprodueible with regard to temperature from sample to 
sample and indicated that the observed effects were depend­
ent upon the specimen composition and metallurgical history. 
However, the dilatometric studies indicated that there was 
an abnormal increase in specimen dimensions between -l60°C 
and -llt-0°C. Between -lij.O°C and -80°C the sample dimensions 
remained practically constant and this in turn was followed 
by a normal expansion of the sample upon warming to room 
temperature. The electrical resistance studies on bomb-
reduced vanadium samples between -l8o°C and room tempera­
ture showed a large increase in electrical resistance at 
about -70°C (Figure 37). 
E. Internal Friction Data 
The results of the low temperature internal friction 
investigations are shown in Figure 38. The internal fric­
tion peaks in the annealed vanadium samples were observed 
to be independent of the amplitude of oscillation. The 
peak centered about -70°C was due to the presence of hydrogen 
since hydrogen had been intentionally added to the wire 
specimen. There was some evidence for a shift of this peak 
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to higher temperatures when the internal friction was deter­
mined for wires containing smaller amounts of hydrogen. 
The effect of annealing vanadium in graphite was to 
eliminate the internal friction peak at sub-zero tempera­
tures and presumably this was due to the presence of only 
.0005 per cent hydrogen in the vanadium wire. Although not 
shown in Figure 38, internal friction peaks were observed 
at 173°C and 261|°C. These peaks were associated with the 
stress-induced ordering of oxygen and nitrogen interstitials, 
respectively, since each of them occurred within 10°G of the 
oxygen and nitrogen internal friction peaks observed by 
Powers (15). All of the internal friction investigations 
were made at.a frequency of oscillation of .5 cycle per 
second. 
Superimposed upon the plot in Figure 38 is the ductility 
of bomb-reduced vanadium as a function of temperature. This 
material contained .0064 per cent hydrogen. 
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VI. DISCUSSIOIT CF RESULTS 
A. Presence of a Brittle-Ductile Transition 
The tensile properties of vanadium conformed to the 
general pattern observed in body-centered cubic metals by 
other investigators. With decreasing test temperature, 
the yield strength and proportional limit of bomb-reduced 
vanadium was observed to increase sharply at about -65°C. 
Also, at about this temperature, the ductility was greatly 
reduced and the nature of the fractured surface of the 
test specimen changed from a ductile to a brittle, cleavage 
type of failure. However, in the higher purity crystal-bar 
vanadium, a similar transition in tensile properties oc­
curred at about -110°C. Hence, it can be concluded that a 
brittle-ductile transition occurs in bomb-reduced and 
crystal-bar vanadium at -65° Î 10°C and -110° t 10°G, re­
spectively. 
The results of the bend tests on bomb-reduced vanadium 
likewise indicated the existence of a brittle-ductile 
transition in bomb-reduced vanadium. At temperatures above 
-65°C, the vanadium test specimens could be bent fifteen 
degrees with respect to the horizontal without fracturing 
whereas below this temperature the specimens could be bent 
only a slight amount before fracture occurred. 
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In both bomb-reduced and crystal-bar vanadium there 
was evidence to indicate that vanadium could regain some 
ductility below -llj.O*C. This was shown by the curves of 
ductility versus temperature for crystal-bar vanadium (Fig­
ure 12) and the curve of deflection versus temperature for 
bomb-reduced vanadium (Figure 16). However, the degree of 
ductility regained below -ll}.Q°C was small. 
B. Effect of Metallic and Non-Metallic Elements 
on the Brittle-Ductile Transition 
The results of the investigation on the effects of 
metallic additions to vanadium show maximum and minimum 
effects. Similar anomalous effects were observed by Olds 
and Rengstorff (2k) in their investigation on the effects 
of small amounts of alloying elements on the transition 
temperature in molybdenum. Likewise, Abrahams on and Grant 
(25) reported similar effects of small amounts of alloying 
elements on the transition temperature in chromium. 
An indication of the reliability of the data obtained 
in this investigation is shown in Table 7. In this tabula­
tion, the results obtained by Rostoker, Yamamoto, and Riley 
(26) in an investigation of the room temperature ductility 
of binary vanadium—base alloys are compared with the room 
temperature results of this investigation. 
Qk 
Table 7. Room temperature ductility of vanadium-base 
alloys 
Classification of alloy8-
Alloy composition Rostoker, et al. This investigation 
7 + l.O^Zr 
V + 3.0$Zr 
7 + 1.0%Ti 
7 + 2.50P1 
7 + l.C$Mo 
7 + 1.0%Cr 
Ductile 
Brittle 
Brittle 
Ductile 
Brittle 
Brittle 
Ductile 
Brittle 
Brittle 
Ductile 
Brittle 
Ductile 
aln this tabulation, an alloy was classed as ductile if 
it underwent 10 per cent or greater elongation-
As can be seen in Table 7, comparable results were ob­
tained in both investigations with the exception of the 
chromium alloy. However, this exception is probably due to 
the fact that the vanadium used by Rostoker, et al. in their 
investigation contained more impurities than the vanadium 
used in this investigation. Since, the room temperature 
ductility of the vanadium used by Rostoker, et al. was only 
six per cent elongation and the corresponding ductility of 
the vanadium used in this investigation was about 35 per 
cent elongation. Hence, it can be concluded that some sig­
nificance can be attached to the curves shown in Figure 20, 
at least for metallic additions greater than .5 per cent. 
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The effects of the metallic additions on the tempera­
ture of the brittle-ductile transition cannot be explained 
entirely. However, it is suggested that the observed ef­
fects are due to one or more of the following factors: 
interaction with dislocations by the atoms in substitution­
al solid solution in vanadium; formation of more stable 
oxides, nitrides, carbides, or hydrides by the metal added 
than the corresponding ones of vanadium; and impurity 
phases going into solid solution or exceeding the solubili­
ty limit of certain metals in vanadium. The impurity 
phases are oxides, nitrides, carbides, or hydrides which 
are initially present in vanadium or are formed as a result 
of adding a metal to vanadium. 
As mentioned in a previous section, atoms forming 
dilute substitutional solid solutions can relieve the hydro­
static stress around an edge dislocation by diffusing to 
the regions around the dislocation where the lattice is 
locally compressed and expanded and thus anchor the disloca­
tion. However, the shear stress around a screw dislocation 
is not relieved by this process. Zener (27) has suggested 
that in more concentrated substitutional solid solutions, 
where a solute atom may have another solute atom as a near­
est neighbor, the shear stress around a screw dislocation 
may be relieved» Hence, it would be expected that the 
transition temperature of vanadium would be raised to higher 
temperatures upon adding increasing amounts of the 
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substitutional alloying element since, with increasing sol­
ute concentration the entire dislocation segment would be 
anchored more firmly. If the dislocation is anchored more 
firmly, then a higher temperature is necessary such that 
sufficient thermal energy is available to enable the dis­
location to break away from its anchoring atmosphere. This 
factor may have been particularly responsible for the ob­
served general increase in transition temperature of vana­
dium when chormium, molybdenum, and tantalum additions were 
made. 
The second factor suggested as responsible for the 
observed effects of the metallic elements on the brittle-
ductile transition in vanadium was the formation of more 
stable oxides, nitrides, carbides, or hydrides by the sub­
stitutional alloying elements. The free energies of forma­
tion of the most stable oxides of the metals added to vana­
dium are listed in Table 8. The oxides of the metals listed 
in Table 8 with free energy values larger than the one given 
for vanadium oxide, i.e. ThO^, ZrO^, and TiO, would be ex­
pected to form at the expense of the oxygen associated with 
vanadium upon adding either thorium, zirconium, or titanium. 
However, the oxides of tantalum, chromium, and molybdenum 
would not be expected to form upon adding either of these 
metals to vanadium since their oxides are less stable trhari 
vanadium oxide. Hence, it is suggested that when -<=rmg 11 
amounts of zirconium, thorium, and titanium are added to 
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Table 8. Free energy of formation of metal oxides8" 
Metal oxide -4F° per Oxygen atom at 298.16°K 
(Kilo calories) 
Th02 139.6 
Zr02 123.9 
TiO 116.9 
VO 93.5 
Ta20^ 91.3 
Cr£03 81^.3 
Mo02 60.7 
aThe free energies of formation were obtained from a 
tabulation prepared by Coughlin (28). 
vanadium, these elements react with the oxygen in vanadium 
and form a second phase. The result of this action alone 
should be a lowering of the transition temperature of vana­
dium, since oxygen in vanadium solid solution raises the 
transition temperature. However, the lowering effect re­
sulting from the formation of oxides is partially offset by 
the dislocation interaction factor as described previously 
which tends to raise the transition temperature. A similar 
affinity for the nitrogen, carbon, and hydrogen in vanadium 
by zirconium, thorium, and titanium is expected, however, 
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adequate thermodynamic data was not available to substantiate 
this conclusion. 
The increased solubility of impurity phases in the vana­
dium matrix at higher concentrations of a metallic addition 
is shown by Figures 30, 31» and 32 for molybdenum additions 
and Figures 24, 25, and 26 for titanium additions. The 
microstructures show that when one per cent of either molyb­
denum or titanium is added to vanadium, the solubility for 
the impurity phase present in .5 per cent alloys is increased. 
This increase in solubility for the impurity phase results 
in a brittle material with a high transition temperature as 
shown by Figure 20. Hence, it may be concluded that when 
oxides, nitrides, carbides or hydrides are in solution, 
their effect is to raise the transition temperature more 
than when present as a second phase in the vanadium matrix. 
The anomalous increase in solubility of the impurity phase 
in molybdenum-vanadium and in titanium-vanadium alloys which 
contain one per cent or greater amounts of molybdenum or 
titanium may be due to the shape of the corresponding ternary 
phase diagram surface. 
When 2.5 per cent titanium was added to vanadium a fine­
ly dispersed second phase was formed which resulted in a 
material with a transition temperature lower than that of 
pure vanadium. This anomaly is not explainable on the basis 
of the present experimental evidence. 
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The transition temperature of vanadium was raised con­
siderably upon adding 4.0 per cent zirconium. This effect 
is believed to be associated with the formation of the com­
pound V^Zr along the grain boundaries of vanadium (Figure 
29). This hard brittle phase along the grain boundaries 
prevents the uniform distribution of the applied stress 
among the grains. Hence, the stress level within some grains 
may increase to such a point that the cleavage strength is 
exceeded and a brittle crack forms and propagates through 
the metal. A similar effect for thorium additions to vana­
dium might be expected since the solubility of thorium in 
vanadium is slight8. However, in this binary system, com­
pounds are not formed and at the concentrations of thorium 
in vanadium investigated, a soft envelope of substantially 
pure thorium is formed at the grain boundaries. Thus, the 
vanadium alloys which contain small amounts of thorium rup­
ture along the grain boundaries when the strength of the 
thorium is exceeded (Figure 23). 
A comparison of the effects of hydrogen, nitrogen, car­
bon and oxygen on the brittle-ductile transition temperature 
in vanadium has been shown in Figure 34* As can be seen in 
this figure, the general effect of adding these interstitial 
elements was to raise the transition temperature of vanadium. 
On a weight per cent basis, hydrogen was the most effective 
in raising the transition temperature of vanadium and carbon 
^Refer to Table 1, p. 7. 
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was the least effective. Oxygen and nitrogen had an effect 
intermediate to that of hydrogen and carbon. Oxygen and 
nitrogen are apparently equally effective in raising the 
transition temperature of vanadium. On the basis of limit­
ed experimental data, the amount of hydrogen necessary to 
cause room temperature embrittlement in vanadium is between 
.010 and .025 per cent hydrogen. Likewise, the amount of 
oxygen and nitrogen in vanadium necessary to cause room tem­
perature embri11lement is approximately 0.2 per cent. The 
amount of carbon necessary to cause room temperature em­
br itt lement of vanadium is greater than 0.4 per cent. 
C. Mechanism of the Brittle-Ductile Transition 
and Variation of Physical Properties 
through the Transition Temperature 
The results of this investigation seem to substantiate 
the contention that the brittle-ductile transition is due 
to the interaction of dislocations with minute amounts of 
interstitial impurity atoms. In the case of vanadium these 
interstitials appear to be hydrogen, oxygen, and nitrogen 
and to a lesser extent carbon. Furthermore, the results 
indicated that the mechanism of the dislocation-solute atom 
interaction was not substantially different from that pro­
posed by Cottrell (20) and extended by Nabarro (21). How­
ever, it is concluded on the basis of the variation of the 
physical properties through the transition temperature which 
Table 9* Meohanloal and physical properties of vanadium 
Temperature at Explanatory 
which property remarks or 
Property Material changes manner determined 
1. Brittle-ductile 
transition 
2. Brittle-ductile 
transition 
3» Brittle-ductile 
transition 
4» Young's Modulus 
5. Young1 a Modulus 
6. Brittle-ductile 
transition 
7. Brittle-ductile 
transition 
8. Lattice constant 
9« Lattice constant 
Bomb-reduced 
vanadium 
Bomb-reduced 
vanadium 
Crystal-bar 
vanadium 
Bomb-reduced 
vanadium 
Crystal-bar 
vanadium 
Vanadium + 
metallic elements 
Vanadium + non-
metallic elements 
As-annealed bomb-
reduced vanadium 
-65° Î 10°C 
-70° t 10°C 
-110° t 10°C 
-55° ± io°c 
-45° t io°c 
-130° ± io°c 
-65°c 
-120°C 
none 
As-rolled crystal- -75>°C,-l5j?°C 
bar vanadium 
Tensile test 
Bend test 
Tensile test 
Tensile test 
Tensile test 
All elements raised 
the transition 
temperature 
All elements raised 
the transition 
temperature 
Normal thermal 
contraction of lattice 
Possibly due to order­
ing of interstitials 
Table 9. (Continued) 
Property Material 
Temperature at 
which property 
changes 
Explanatory 
remarks or 
manner determined 
10. Intensity of x-ray 
reflections 
As-annealed bomb-
reduced vanadium 
-l£°C to -£o°c 
11. Intensity of x-ray 
reflections 
As-rolled crystal 
bar vanadium 
- - 6o° t io°c 
12. Thermal expansion As-arc-melted 
bomb-reduced 
vanadium 
-ilt,o°c,-8o°c Possibly due to order­
ing of interstitials 
13. Electrical resist­
ance 
As-arc-melted 
bomb-reduced 
vanadium 
-70°C Î 10°C Possibly due to order­
ing of interstitials 
11+. Internal friction Annealed crystal-
bar vanadium 
-70°C Possibly due to order­
ing of hydrogen atoms 
or ions 
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have been summarized in Table 9 that the transition in vana­
dium is possibly accentuated by the occurrence of ordering 
of the hydrogen atoms or ions in the vanadium lattice at 
about -65°C. The basis for this conclusion follows from the 
following experimental observations: 
1. An internal friction peak centered about 
-70°C which is due to the presence of 
hydrogen. 
2. The change in lattice constant at -7$°C 
in as-rolled crystal-bar vanadium. 
3« The change in electrical resistance of 
vanadium at about -70°C. 
I}.. The change in the thermal expansion of 
vanadium at about -80°C. 
Hence, the brittle-ductile transition in bomb-reduced 
vanadium at -65° - 10°G is postulated to be due to the pres­
ence of oxygen, nitrogen, and carbon in the vanadium lattice 
and hydrogen atoms or ions assuming ordered positions in the 
lattice. The brittle-ductile transition in crystal-bar vana­
dium, however, occurs at the lower temperature of -110° t 10°C 
probably because it contains less oxygen, nitrogen, and car­
bon.a The resulting effect on screw-dislocations of hydrogen 
atoms or ions assuming preferred ordered positions around the 
dislocations would not be unlike the stress-induced ordering 
^Hefer to Table 1, p. 7» 
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of interstitials around screw dislocations as described by 
Uabarro (21). 
The increase in ductility of vanadium at temperatures 
below -li|_0°C cannot be explained on the basis of the present 
experimental evidence, but it is believed to be a valid ex­
perimental observation. Roberts and Rogers (10a) observed a 
similar effect in hydrogenated vanadium. 
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VII. SUMMARY AND CONCLUSIONS 
Mechanical tests have been made on vanadium at sub-
atmospheric temperatures to determine whether or not this 
metal undergoes a brittle-ductile transition. Also, the ef­
fect of small amounts of metallic and non-metallic additions 
on the brittle-ductile transition in vanadium has been in­
vestigated. Finally, some of the physical properties of 
vanadium have been investigated through the transition tem­
perature for the purpose of determining the mechanism of 
the brittle-ductile transition in vanadium. A summary of the 
results and conclusions are as follows: 
1. There is a brittle-ductile transition in bomb-
reduced vanadium at -65° t 10°C. The transition occurs at 
the lower temperature of -110* - 10°C-ia crystal-bar vana­
dium probably because of its higher purity. Vanadium can 
regain some ductility at temperatures below -14.0°G and this 
is believed to be due to an ordering phenomenon. 
2. Small amounts of chromium, molybdenum, tantalum, 
zirconium, titanium, and thorium, when added to vanadium, 
have anomalous maxima and minima effects on the transition 
temperature of vanadium. The only metallic additions which 
lower the transition temperature of vanadium are titanium 
when present in amounts of 2.5 weight per cent or greater and 
possibly thorium when present in amounts less than one weight 
per cent. 
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The effect of adding small amounts of either hydrogen, 
oxygen, nitrogen, or carbon to vanadium is to raise the 
transition temperature. Hydrogen is the most effective in 
raising the transition temperature and carbon is the least 
effective. Oxygen and nitrogen have an effect intermediate 
to that of hydrogen and carbon. 
3. The brittle-ductile transition in vanadium is due 
to the interaction of dislocations with minute amounts of 
the interstitial solute atoms hydrogen, oxygen, nitrogen, 
or carbon. The transition in vanadium is believed to be ac­
centuated by hydrogen atoms or ions assuming ordered posi­
tions in the vanadium lattice at temperatures below -65°C. 
This conclusion is based on the change of the physical prop­
erties of vanadium near the transition temperature. There 
was no evidence for a low-temperature allotropie transforma­
tion in vanadium. 
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